Correlation between Ca2+ oscillation and cell proliferation via CCKB/gastrin receptor  by Akagi, Keiko et al.
Correlation between Ca2 oscillation and cell proliferation via
CCKB/gastrin receptor
Keiko Akagi, Taku Nagao, Tetsuro Urushidani *
Laboratory of Pharmacology and Toxicology, Graduate School of Pharmaceutical Sciences, University of Tokyo, Hongo, Bunkyo-Ku,
Tokyo 113-0033, Japan
Received 14 September 1999; accepted 13 October 1999
Abstract
Gastrin stimulates cell proliferation through the CCKB receptor coupled to Gq-protein, whereas the m3 muscarinic
receptor, which also couples to Gq, has no trophic effects. In order to elucidate the cause of the difference, we stably
transfected CHO cells with human CCKB and m3 receptors. Stimulation of the CCKB, but not the m3 receptor increased cell
growth. Activation of MAP kinase via the m3 receptor was to the same extent as that via CCKB, indicating that there is an
initial signaling common to both receptors. Stimulation of either receptor induced a transient increase in [Ca2]i followed by
a sustained plateau phase. After 2 h of stimulation, the [Ca2]i response to the m3 receptor disappeared, whereas that to the
CCKB receptor remained as a [Ca2]i oscillation. Removal of extracellular Ca2, which abolished [Ca2]i oscillation,
completely inhibited DNA synthesis via CCKB. When the C-terminal part of the CCKB receptor was truncated, the trophic
effect as well as the [Ca2]i response after 2 h of stimulation disappeared, whereas the chimeric CCKB receptor with the
C-terminal region of the m3 receptor preserved its ability to elicit both DNA synthesis and [Ca2]i oscillation. These results
suggest that desensitization might be a principal determinant of cell proliferation, and the persistence of the [Ca2]i response
as [Ca2]i oscillation could be essential for this type of signal transduction. ß 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction
It has been established that gastrin elicits cell pro-
liferation in the gastrointestinal tract in addition to a
potent stimulatory e¡ect on gastric acid secretion [1].
In recent years, receptors for CCK and gastrin have
been cloned and classi¢ed into CCKA and CCKB ;
the former has high a⁄nity to CCK and the latter
has high a⁄nity to both CCK and gastrin [2]. Using
CCKB receptor knockout mice [3] or gastrin trans-
genic mice [4], it is established that the trophic e¡ect
on gastric glands by gastrin is mediated by the CCKB
receptor. This was also con¢rmed in the in vivo rat
model by the use of a CCKB antagonist [5]. On the
other hand, there still remains a possibility that pu-
tative trophic gastrin receptors other than the CCKB
receptor exist, e.g., a gastric receptor for glycine-ex-
tended progastrin in the pancreatic carcinoma cell
line, AR42J [6], or a trophic receptor for gastrin in
the low passage Swiss 3T3 ¢broblast [7].
Recent investigations [2] have revealed that the
signal of the CCKB receptor is mediated by the acti-
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vation of phospholipase C (PLC) coupled to Gq/11
protein and subsequent activation of protein kinase
C with production of inositol 1,4,5-trisphosphate
(IP3). However, it has not been elucidated which sig-
nal leads to cell proliferation. It has been postulated
that the proliferation signal from the G-protein
coupled receptor is mediated by the activation of
MAP kinase using a system similar to that of the
tyrosine kinase-type receptor [8]. However, there
are unexplained examples that some receptors medi-
ate cell proliferation, but others do not, among the
receptors activating the same G-protein. For exam-
ple, the m3 muscarinic acetylcholine (m3) receptor
couples to Gq and PLC, and elicits a gastric acid
secretory response in the gastric glands [9] as the
CCKB receptor does, but it never correlates with
the cell proliferation.
In order to elucidate the mechanism of trophic
action mediated by the CCKB receptor, we used
cell lines transfected with human CCKB and m3 re-
ceptors to analyze the process of intracellular signal
transduction by comparing these receptors. In a pre-
vious report, we found that a property of the CCKB
receptor is that it elicits repetitive [Ca2] increase
(Ca2 oscillation) under certain conditions [10]. We
now report that Ca2 oscillation plays an important




Sulfated CCK-8 was purchased from Peptide In-
stitute (Osaka, Japan). Fura-2/acetoxymethylester
(Fura-2/AM) was from Dojin Chemicals (Kumamo-
to, Japan). Lipofectamine was from Gibco (Grand
Island, NY, USA). [3H]L-365,260 (2797 GBq/
mmol) and [3H]QNB (2020 GBq/mmol) were from
Du Pont (DE, USA). YM-022 was a gift of Yama-
nouchi Pharmaceutical (Ibaraki, Japan). Other chem-
icals used were of analytical grade and purchased
from Sigma Chemical (St. Louis, MO, USA).
2.2. Receptor mutagenesis and expression
The wild type human CCKB receptor (a generous
gift from Dr. T. Horiuchi, Daiichi Pharmaceutical)
and the human m3 receptor (a generous gift from
Prof. T. Haga, University of Tokyo, School of Med-
icine) were subcloned into the vector pEF/BOS. The
truncated receptor and chimeric CCKB/m3 receptor
mutants, as depicted in Fig. 1, were generated using
the polymerase chain reaction. The wild type CCKB
receptor was truncated after amino acid residue 404
(Tr404). The wild type CCKB receptor carboxyl ter-
minal 50 residues were replaced with the carboxyl
terminal 43 residues of the wild type m3 receptor
(CTm3). All mutant sequences were con¢rmed by
dideoxynucleotide sequencing. CHO cell lines stably
expressing the wild type and mutant receptors were
generated by cotransfecting cells with the appropriate
cDNA subcloned into pEF/BOS and pSVbsr (Kaken
Pharmaceutical, Tokyo, Japan) in a 20:1 ratio by a
lipofection method using lipofectamine reagent (Gib-
co BRL, Grand Island, NY, USA) according to the
manufacturer’s protocol. After selection in 5 Wg/ml
blansticidin S, resistant colonies were isolated, ex-
panded, and screened for receptor expression by ra-
dioligand binding. Cells were propagated in 100 mm
dishes with Ham’s F-12 medium supplemented with
10% (v/v) fetal bovine serum, 100 units/ml penicillin,
and 100 mg/ml streptomycin in a 37‡C humidi¢ed
atmosphere containing 5% CO2.
2.3. Binding assay
The CHO cells permanently expressing the cDNA
were washed with ice-cold PBS and suspended with
lysis bu¡er (10 mM Tris-HCl (pH 7.4), 5 mM
EDTA, 5 mM EGTA). The suspension was centri-
fuged at 18 500 rpm for 30 min at 4‡C. The pellet
was resuspended in the lysis bu¡er and used as the
crude membrane. Radioligand binding studies were
carried out for 60 min in 1 ml binding bu¡er (50 mM
Tris-HCl (pH 7.4), 5 mM MgCl2) containing 0.2%
bacitracin. The binding reaction was started by the
addition of 1 nM of [3H]L-365,260 for CCKB recep-
tors or 1 nM [3H]QNB for m3 receptors to the crude
membrane and terminated by rapid ¢ltration on
glass ¢ber ¢lters (Whatman GF/C) using a cell har-
vester. The ¢lter was washed with ice-cold binding
bu¡er containing 0.01% bovine serum albumin, and
the radioactivity on the ¢lter was counted with a
liquid scintillation counter. Nonspeci¢c binding was
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determined in the presence of 1 WM of unlabeled
YM022 for CCKB receptors and 10 WM atropine
for m3 receptors.
2.4. Measurement of [Ca2+]i mobilization
[Ca2]i in cells permanently expressing the human
CCKB receptor was measured by Fura-2 £uorome-
try. Cells cultured on a 15 mm diameter coverglass
were loaded with 5 WM Fura-2/AM for 30 min at
37‡C. After incubation, the cells were washed with
a HEPES-bu¡ered salt solution (HBSS; (in mM)
137 NaCl, 4.7 KCl, 0. 56 MgCl2, 1.28 CaCl2, 1.0
NaHPO4, 10 HEPES, 2 L-glutamine, and 5.5 D-glu-
cose; the pH was adjusted to 7.4). The coverglass
was positioned under a temperature-controlled
chamber which uses a glass coverslip bottom,
mounted over the stage of a Nikon Diaphot 300,
and continuously superfused at 1 ml/min with
HBSS at 37‡C. Changes in [Ca2]i were measured
using a dual-wavelength excitation ratio technique
(340/380 nm excitation, 510 nm emission) by a digital
imaging system, Argus 50 (Hamamatsu Photonics,
Japan).
2.5. Measurement of cell growth
Cell growth was estimated by DNA synthesis and
cell numbers. For DNA synthesis, cells were grown
in 24-well plates, serum starved for 40 h and then
stimulated with agonist for 24 h. [3H]Thymidine (1
mCi/ml) was allowed to incorporate during the last
4 h. Cells were washed twice with PBS and 10% TCA
(w/v), dissolved in 0.1 M NaOH and the radioactiv-
ity was counted. When thymidine incorporation was
measured in the Ca2 free condition, Ham’s F-12
medium was treated with Chelex-100 resin (Bio-
Rad) to remove divalent cations, and supplemented
with Mg. For the analysis of cell numbers, cells were
plated at a density of 1U104 cells/well into 24-well
dishes in serum-free medium. Cells were treated with
CCK-8 or CCh for 5 days and the medium was
changed every other day. Cells were removed from
the dish by gentle trypsin treatment, and the viable
cells extruding trypan blue were counted using a
Coulter counter.
2.6. MAP kinase assay
Phosphorylation of p42MAPK and p44MAPK
was determined by the mobility shift assay. Serum-
starved cells were stimulated, lysed in SDS sample
bu¡er and the proteins were separated on an 8%
polyacrylamide gel and transferred to the PVDF
membrane. The blots were blocked with 5% BSA
in PBS/Tween and incubated with rabbit polyclonal
antibodies, anti-p42MAPK and anti-p44MAPK
(1:500) for 1 h, followed by extensive washings.
The blots were subsequently incubated with peroxi-
dase-conjugated anti-rabbit IgG (1:1000) for 1 h,
washed and subjected to the enhanced chemilumines-
cence (ECL) procedure. MAP kinase activity was
also assayed with the PathDetect (Stratagene) in
vivo signal transduction pathway reporting system.
Cells were transfected with the fusion transactivator
vector that consists of the DNA binding domain of
the yeast GAL4 and the activation domain of Elk
transcriptional activator (50 ng/ml) and pFR-Luc re-
porter vector (1 mg/ml). After transfection, cells were
serum starved for 24 h and stimulated with the ago-
nist for 5 h. Cells were washed with PBS and lysed
with 400 ml luciferase extraction bu¡er (40 mM tri-
cine, 50 mM NaCl, 2 mM EDTA, 1 mM MgSO4,
5 mM DTT, 1% Triton X-100, pH 7.8) per 35 mm
dish. Twenty milliliters of cell extract were mixed
with 100 ml of the luciferase assay reagent (40 mM
tricine, 0.5 mM ATP, 10 mM MgSO4, 0.5 mM
EDTA, 10 mM DTT, 0.5 mM coenzyme A, 0.5 mM
luciferin, pH 7.8), and luminescence was measured
for 10 s. Luciferase activity was expressed as relative
light units and normalized for L-galactosidase activ-
ity.
3. Results
3.1. Expression of the receptors and proliferative
response
In a previous study, we established a CHO cell line
which stably expressed the CCKB receptor at 299
fmol/mg protein [10]. We then transfected CHO cells
with the m3 receptor and selected a cell line stably
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expressing the receptor of 285 fmol/mg protein,
equivalent in amount to the CCKB receptor. Using
these lines, proliferative responses to the agonists
were assayed in the absence of serum, and depicted
in Fig. 2A. When the cells expressing the CCKB re-
ceptor were stimulated with CCK-8, DNA synthesis
was concentration-dependently increased, and the
maximal response was observed at 10 nM. In con-
trast, the stimulation of the m3 receptor by carba-
chol never increased DNA synthesis up to 0.1 mM.
In order to con¢rm cell growth via the CCKB recep-
tor, cell numbers were counted and shown in Fig. 2B.
When the cells expressing the CCKB receptor were
stimulated with CCK-8, the cell numbers dose-
dependently increased in a manner similar to that
in DNA synthesis. Stimulation of the m3 receptor
by carbachol again failed to show a growth e¡ect
but rather induced a dose-dependent decrease in
the cell numbers up to 0.1 mM. The growth e¡ects
of CCK on CHO cells expressing the human CCKB
receptor was consistent with the report by Ito et al.
[11].
The following experiments were conducted to clar-
ify the cause of the di¡erence in the proliferating
activity via these receptors.
3.2. Activation of MAP kinase
Activation of p42/p44 MAP kinase by stimulation
of the CCKB receptor or the m3 receptor was meas-
ured by immunoblotting. As the activated, phos-
phorylated form of p42/p44 MAP kinase has lower
mobility compared with the inactive form, the phos-
phorylation is semi-quanti¢ed by the upshift of the
band. As shown in Fig. 3A, stimulation of either
receptor, the CCKB receptor or the m3 receptor,
caused a transient activation of MAP kinase 1^5
min after stimulation. The activation by the m3 re-
ceptor was never observed to be shorter, but rather
longer, than that by the CCKB receptor. In order to
Fig. 1. Schematic representation of the wild type human CCKB receptor and its mutants. The predicted secondary structure of the
CCKB receptor is expressed by the standard one-letter code. Tr404 indicates the site of truncation in the C-terminal tail. The amino
acid sequence of the human m3 receptor C-terminal tail is connected to the truncated mutant to produce a chimera receptor, desig-
nated as CTm3. Consensus sites for putative Ser and Thr phosphorylation by protein kinase C are marked as -PO3. The potential
palmitoylation site (Cys409) is marked with a zigzag.
6
Fig. 2. Agonist-induced cell growth in Chinese hamster ovary cells expressing either human m3 muscarinic acetylcholine receptor (m3)
or human cholecystokinin B receptor (CCKB). (A) Serum-starved cells were stimulated for 24 h with the indicated concentrations of
carbachol for m3 or CCK-8 for CCKB, and [3H]thymidine uptake was measured as described in Section 2. (B) Serum-starved cells
were stimulated for 5 days with the indicated concentrations of carbachol for m3 or CCK-8 for CCKB, the cell numbers were
counted, and expressed as fold increase compared with vehicle control. Data are means þ S.E.M. of three experiments performed in
triplicate.
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clarify whether the activation via these receptors was
actually transient, MAP kinase activity was meas-
ured at 2, 4, 6, and 12 h after stimulation and no
activation was observed (data not shown).
The activation of MAP kinase was con¢rmed by
another MAP kinase assay as shown in Fig. 3B. Here
MAP kinase activation was evident by measuring the
expression of Gal4-Elk fusion gene when each of the
receptors, CCKB and m3, was stimulated.
3.3. Responses of intracellular Ca2+
Both the CCKB receptor and the m3 receptor are
known to activate PLC coupled with Gq creating
IP3. It is therefore postulated that Ca2 plays an
important role in DNA synthesis as a second mes-
senger. We measured the changes of [Ca2]i with
Fura-2 using imaging analysis (Fig. 4). When the
CCKB receptor was stimulated with 10 nM CCK-8,
which showed the maximal stimulation of thymidine
incorporation, a biphasic change in [Ca2], consisting
of an initial transient increase followed by a plateau
phase, was observed as previously reported [10].
Stimulation of the m3 receptor with 10 WM carba-
chol, which shows no e¡ect on DNA synthesis, also
caused the same kind of biphasic change in [Ca2]i.
Namely, there was no di¡erence in the early response
of [Ca2]i changes between these receptors (Fig.
4A).
In the next experiment, the [Ca2]i changes were
monitored after prolonged stimulation of the CCKB
receptor or the m3 receptor. When the CCKB recep-
tor was continuously stimulated with 10 nM CCK-8,
the [Ca2]i response turned into periodical, repetitive
changes, i.e., Ca2 oscillation, 2 h after the stimula-
tion (Fig. 4B). This response persisted for a long time
and we could observe Ca2 oscillation as late as 6 h
of stimulation. The Ca2 oscillation was abolished by
the removal of extracellular Ca2 (data not shown)
similar to other types of Ca2 oscillation via the
activation of the CCKB receptor as previously re-
ported [10]. On the other hand, when the m3 recep-
tor was continuously stimulated for 2 h with 10 WM
carbachol, [Ca2]i went back to the basal value and
no oscillatory response was observed (Fig. 4B). In
this case, a desensitization occurred in terms of the
Ca2 response.
In order to estimate the possible involvement of
receptor down-regulation in the process of desensiti-
zation, the numbers of receptor in the membrane
fraction of the cell were quanti¢ed. The data show
that neither receptor was decreased for at least 2 h
of stimulation (m3 receptor: control = 268 þ 44, 2 h
later with 10 WM carbachol = 262 þ 30; CCKB re-
Fig. 3. Stimulatory e¡ects on MAP kinase of carbachol (CCh; 10 WM) in CHO cells expressing the m3 receptor or CCK-8 (CCK; 10
nM) in cells expressing the CCKB receptor. (A) Time course of MAP kinase activation. CHO transfectants were stimulated with the
corresponding agonist for the indicated times and assayed for reduced mobility of p42/p44 MAP kinase by immunoblotting. (B) E¡ect
of CCh or CCK on Elk transcriptional activity assayed with luciferase as the reporter. Luciferase activity was expressed in relative
light units and normalized by L-galactosidase activity. The data are expressed as a multiple of the control value (mean þ S.E., n = 3).
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ceptor: control 296 þ 22, 2 h later with 10 nM CCK-
8 = 283 þ 31; fmol/mg protein, mean þ S.E.M., n = 3).
3.4. E¡ects of Ca2+ removal on cell proliferation
As Ca2 oscillation was dependent on extracellular
Ca2, it is expected that the trophic e¡ect of CCK is
also dependent on [Ca2]o if there is a relationship
between Ca2 oscillation and cell proliferation. Fig. 5
shows the DNA synthesis in the absence of [Ca2]o
where Ca2 oscillation was abolished. Under that
condition, the increase of DNA synthesis via the
stimulation of the CCKB receptor with CCK-8 dis-
appeared (107 þ 2% of control). On the other hand,
IGF-1 (100 ng/ml), which stimulates cell proliferation
via a tyrosine kinase-type receptor, showed a marked
increase (1047 þ 147% of control) in the absence of
[Ca2]o.
3.5. Mutated CCKB receptor
In order to elucidate the structural origin of the
Fig. 5. E¡ects of extracellular Ca2 removal on DNA synthesis
stimulated by CCK-8 or IGF-1. Cells expressing the CCKB re-
ceptor were serum starved and stimulated in the absence of ex-
tracellular Ca2 for 24 h with CCK-8 (10 nM) or IGF-1 (100
ng/ml), and [3H]thymidine incorporation was measured. Data
are means þ S.E.M. of three experiments.
Fig. 4. Agonist-induced [Ca2]i response in CHO cells expressing human m3 receptor or human CCKB receptor. (A) Initial phase of
the agonist-induced [Ca2]i response. At the point indicated by the arrow, the cell expressing the m3 receptor was stimulated by 10
WM carbachol (dotted line) and the cell expressing the CCKB receptor was stimulated by 10 nM CCK-8 (solid line). A large transient
rise followed by a plateau phase was evident for each agonist. (B) Prolonged phase of the agonist-induced [Ca2]i response. Cells were
treated with the corresponding agonist as above for 2 h and with Fura-2/AM during the last 30 min. After washing out the extracellu-
lar dye, [Ca2]i was monitored in the presence of the agonist. Note that the cell with the CCKB receptor (solid line) but not the cell
with m3 (dotted line) shows periodical, repetitive changes in [Ca2]i, i.e., Ca2 oscillation. Each plot is a representative of at least
three experiments where s 10 cells were imaged with essentially identical results.
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Fig. 7. Agonist-induced MAP kinase activation and DNA synthesis in Chinese hamster ovary cells expressing the human CCKB recep-
tor or its mutants. (A) E¡ect of CCK-8 (10 nM) on Elk transcriptional activity assayed with luciferase as the reporter. Luciferase ac-
tivity was expressed in relative light units and normalized by L-galactosidase activity. The data are expressed as a multiple of the con-
trol value (mean þ S.E., n = 3). (B) Serum-starved cells expressing human CCKB (WT), chimeric CCKB (CTm3) or truncated CCKB
(Tr404) receptor were stimulated for 24 h with 10 nM CCK-8, and [3H]thymidine incorporation was measured, as described in Section
2. The data are expressed as a multiple of the control value (mean þ S.E., n = 3).
Fig. 6. Agonist-induced [Ca2]i response in CHO cells expressing a C-terminal truncated CCKB receptor (Tr404; solid line) or a chi-
meric CCKB receptor with the C-terminus of the human m3 receptor (CTm3; dotted line). (A) Initial phase of the agonist-induced
[Ca2]i response. Cells expressing either receptor were treated with 10 nM CCK-8 at the point indicated by an arrow. A large transi-
ent rise followed by a plateau phase was evident, as seen in the wild type receptor. (B) Prolonged phase of the agonist-induced
[Ca2]i response. Cells were treated with 10 nM CCK-8 for 2 h and with Fura-2/AM during the last 30 min. After washing out the
extracellular dye, [Ca2]i was monitored in the presence of CCK-8. Note that the cell with CTm3 (dotted line) but not the cell with
Tr404 (dotted line) shows Ca2 oscillation. Each plot is a representative of at least three experiments where s 10 cells were imaged
with essentially identical results.
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di¡erence in the functions between these two recep-
tors, we examined the function of mutated receptors
(see Fig. 1). First, the carboxyl terminal 44 amino
acids of the CCKB receptor were truncated (Tr404).
Second, the carboxyl terminal 50 amino acids of
CCKB were truncated and replaced with 43 amino
acids corresponding to the carboxyl terminal of the
m3 receptor (CTm3). Both mutated receptors were
introduced to CHO cells to obtain a stably express-
ing line. The expression level was 168 fmol/mg pro-
tein for Tr404 and 328 fmol/mg for CTm3. We also
made a CCKB receptor lacking the intracellular third
loop, but the receptor was never stably expressed in
CHO cells and it appeared to lose its binding activity
to the ligand.
[Ca2]i responses mediated by these mutated re-
ceptors were analyzed by Fura-2 ratiometric imaging
(Fig. 6). Just after the stimulation with 10 nM CCK-
8, both receptors elicited typical biphasic [Ca2]i re-
sponses (Fig. 6A). After 2 h continuous stimulation
with CCK-8, the [Ca2]i of the cells transfected with
Tr404 turned back to the basal level, whereas the
cells with CTm3 kept the [Ca2]i increase in an os-
cillation pattern (Fig. 6B).
In order to examine the responses via these recep-
tors, MAP kinase activation and [3H]thymidine up-
take were measured in the presence of 10 nM CCK-
8. As expected from the early calcium response, both
mutant receptors were able to cause MAP kinase
activation (Fig. 7A). As expected from the late cal-
cium response, CTm3 mutant could increase DNA
synthesis, whereas the truncation mutant Tr404
failed to induce cell proliferation (Fig. 7B). Namely,
cells with Tr404 showed no proliferative response to
CCK-8 (1.4 þ 6.7% above basal). Cells expressing
CTm3 responded to CCK-8 exhibiting an increase
in thymidine uptake (120 þ 10.7% above basal) equiv-
alent to those with wild type CCKB receptor
(102 þ 8.2% above basal). As in the case of wild
type CCKB receptor, cell proliferation mediated by
CTm3 was abolished by the elimination of extracel-
lular Ca2 (data not shown).
4. Discussion
In the present study, we analyzed the di¡erential
function between the CCKB receptor and the m3
receptor, both of which are believed to be coupled
with Gq subsequently activating PLC to produce IP3
and diacylglycerol. Using CHO cells as the common
parent cells for the stable expression of the CCKB or
the m3 receptor, we found that the activation of the
CCKB receptor created a proliferation signal, where-
as m3 did not. Although these observations were
consistent with their trophic action in native gastro-
intestinal cells, it could still be possible that we ob-
served a quite arti¢cial phenomenon. In fact, Detjen
et al. reported that CCKB receptors produce similar
signals but have opposite growth e¡ects in di¡erent
cell lines [12]. They transfected rat CCKB receptors
in CHO and Swiss 3T3 cells and observed that the
e¡ect of CCK-8 on their growth was inhibitory in the
former but stimulatory in the latter. This clearly in-
dicates that the cellular context is a principal deter-
minant in the response to the receptor. Our present
result, the growth of CHO cells with CCKB recep-
tors, was contradictory to theirs, but consistent with
the report by Ito et al. [11], where CHO cells express-
ing human CCKB receptors elicited cell proliferation.
Comparing these reports, the apparent di¡erence is
that the human CCKB receptor created a growth
signal but the rat receptor did not, in CHO cells.
Although rat and human CCKB receptors show
high homology (91%), their intracellular third loops
are quite di¡erent from each other [2]. It is thus
possible that the putative machinery for cell growth
via the CCKB receptor may ¢t with the human, but
not the rat receptor. A similar argument applies to
the m3 receptor, which can also lead to stimulation
or inhibition of cell growth in di¡erent cell models
[13]. We would like to note here that the following
discussion is extended assuming that the arti¢cial cell
system is a re£ection of the biological responses in
the native cell.
It has been clari¢ed that some G-protein coupled
receptors could produce a proliferation signal as ty-
rosine kinase type receptors. The possible mechanism
would be the activation of MAP kinase via either
liberation of LQ subunits [8] or activation of intra-
cellular tyrosine kinase [14]. It was reported that
the activation of the CCKB receptor expressed in
rat 1 ¢broblast [15] or NIH3T3 [16] cells led to the
activation of MAP kinase. In the present study, not
only the CCKB receptor but also m3 produces acti-
vation of MAP kinase in CHO cells. This observa-
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tion strongly suggests that the activation of MAP
kinase alone via the m3 receptor is not enough to
elicit the proliferation signal. A similar discrepancy
between the activation of MAP kinase and cell pro-
liferation response was also reported in the CCKA
receptor. In this case, stimulation of the CCKA re-
ceptor activates MAP kinase [17], whereas cell pro-
liferation is inhibited [18]. Therefore, it should be
concluded that other signal(s) in addition to MAP
kinase are necessary for the activation of cell prolif-
eration.
In the case of cell response with a long duration as
in cell proliferation, it should be considered that the
response of the cell might be decreased with the per-
sistent stimulation by agonists, i.e., desensitization.
We examined the e¡ects of long stimulation (2 h)
with an agonist using [Ca2]i response as an index.
For the m3 receptor, the desensitization was mani-
fested as the disappearance of the elevation of
[Ca2]i. In contrast, the [Ca2]i response to the
CCKB receptor was found to be expressed as
[Ca2]i oscillation. It was already reported that acti-
vation of di¡erent transcription factors was depend-
ent on the intensity and duration of [Ca2]i signals in
the B lymphocytes [19], and that the activation of
p34cdc2 kinase controlling the cell cycle was depend-
ent not on the transient [Ca2]i increase but on the
sustained Ca2 in£ux from the outside of the cell
[20]. It is thus postulated that the persistence of
[Ca2]i response plays a critical role for the cell pro-
liferation mediated by the CCKB receptor in CHO
cells.
It has been revealed that the C-terminal of the
NK-2 receptor is essential for the persistence of in-
tracellular signaling [21] and also the proliferative
activity [22] based on the experiments where a
C-terminal truncation mutant of the NK-2 receptor
was expressed in the rat 1 ¢broblast. In the present
study, we made a C-terminal truncation mutant of
the CCKB receptor (Tr404) and found that the re-
ceptor could elicit a [Ca2]i increase at the early stage
of stimulation but it produced neither a [Ca2]i re-
sponse at the late stage nor an increase in DNA syn-
thesis. This clearly indicates that the C-terminal re-
gion of the CCKB receptor is essential for the long
term response of the cell.
In the stimulation of the m3 receptor, the down-
regulation of the receptor was observed to be mini-
mal, whereas the attenuation of [Ca2]i response due
to receptor uncoupling obviously occurred. It has
been postulated that the phosphorylation and subse-
quent binding of L-arrestin to the receptor are im-
portant for the uncoupling in the receptors, including
NK1 (for review, see [23]). It was reported that the
Thr residue at the C-terminus was essential for de-
sensitization of the m3 receptor based on the experi-
ment using CHO cells expressing an m3 receptor
whose Thr at the C-terminus was replaced with Ala
[24]. Therefore, it seemed to be possible that the m3
receptor fails to lead to cell proliferation because of
C-terminal related desensitization. This was tested by
an experiment using a chimera CCKB receptor with
the C-terminal sequence of the m3 receptor on its
C-terminus. This receptor, CTm3, had the ability to
cause prolonged responses, i.e., a [Ca2]i response
after 2 h of stimulation as well as cell proliferation.
This means that the C-terminus of m3 itself is not
enough to cause the attenuation of prolonged re-
sponses, and that the desensitization of the receptor
is not solely dependent on the C-terminus but the
result of cooperative interaction with other do-
main(s). In another type of muscarinic receptor,
m1, it has been postulated that the long intracellular
third loop of the receptor plays an important role in
the desensitization [25]. It might be possible that the
third loop of the receptor plays a role in the m3
receptor as well.
The results of the mutant receptors are somewhat
puzzling. Based on the results of Tr404, the C-termi-
nus of the receptor is essential for the long term
response. From the results with CTm3, the C-termi-
nus is not necessarily a CCK receptor type, but it is
able to be replaced with that of the m3 receptor. It
has been suggested that some functional complex of
receptor and Ca2 store, which is maintained by cy-
toskeletal proteins, is required for the e⁄cient Ca2
release by IP3 production [26]. It is thus possible that
the C-terminal region of the receptors is essential for
the functional coupling for the intracellular Ca2 re-
lease but the determinant of Ca2 oscillation or pro-
longed responsiveness is present at another location
than the C-terminus. In an attempt to make these
points clearer, we tried to create a truncation mutant
of the CCKB receptor at the intracellular third loop,
but we failed to get a stable expression. More de-
tailed mutation work is necessary to determine the
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essential domain for Ca2 oscillation in the CCKB
receptor.
There has been a long argument about the phys-
iological role and mechanism of Ca2 oscillation [27].
As the oscillatory response is dependent on the ma-
chinery of the cell as well as on receptor type, it is
di⁄cult to compare di¡erent receptors on di¡erent
cells. In the present study, the m3 receptor, the
CCKB receptor and its mutated receptors were ex-
pressed in the same cell line, and it became possible
to make a comparison of the receptor function under
the same conditions. We have now successfully
shown that the prolonged [Ca2]i response and also
the Ca2 oscillation are clearly correlated with cell
proliferation. This suggests that the prolonged
[Ca2]i response is essential for the cell proliferation
signal. From recent arguments [28,29] it seems to be
a consensus that Ca2 oscillation itself plays impor-
tant roles in the e⁄ciency and speci¢city of gene
expression. Future work should be conducted to clar-
ify the factor which demands sustained [Ca2]i ele-
vation in the cascade of cell growth, as well as the
factor which causes Ca2 oscillation via the CCKB
receptor. It should also be necessary to elucidate
whether the presently suggested mechanism is ac-
tually operating in the native cell.
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